Hydraulic fracturing is a controversial method of natural gas extraction that uses high pressure water to release natural gas. Although research has been conducted on the environmental impact of fracking, toxicological and geological research concerning naturally occurring radioactive materials (NORMs) has been scarce. Radionuclides are known to bioaccumulate in the environment and can have toxic effects on humans. This study aims to examine the extent of biomagnification of radium-226 from fracking sites to local water (lakes) and agriculture (farmland, livestock pastures). Water samples from areas near fracking sites and homogenized samples of soil and crops will be analyzed by gamma spectroscopy. The data set is expected to be non-normal, therefore, the Mann-Whitney U-test will be used to compare samples between fracking and non-fracking regions. If NORM contamination is significant, it can then be linked to health impacts in humans by assessing carcinogenic risk. If the results show that there are higher levels of Ra-226 in the water near fracking sites and cattle water compared to the control water, as well as progressively higher levels of Ra-226 contamination throughout trophic levels, it can be concluded that fracking poses a potentially radioactive threat to human health. The results of our proposal may indicate tremendous implications on human health as Ra-226 is a chemical that bioaccumulates. Therefore, the results of our study may demonstrate the detrimental impact of radium through fracking.
Introduction
Hydraulic fracturing is a process that extracts gas and oil in deep reservoirs such as shale rock [1] . It is performed by injecting fluids (fracking fluids) at great pressures to cause fractures which are held open with proppants such as sand or ceramic beads to allow gas to flow out [1] . In fracking fluids, major chemical constituents include Ra-226, alcohols, aromatic compounds, and various other compounds. In wastewater, major chemical constituents include Ra-226, phenols, calcium carbonates, and various other compounds [1] . Ra-226 is the focus of this proposal because it is highly water soluble, making it easier to return to the surface and thus has a higher potential of affecting human health [2] . The hydraulic fracturing process uses extremely large amounts of water, chemicals, and other fluids. Consequently, significant amounts of wastewater with these chemicals is generated which can lead to environmental contamination [3] .
Naturally occurring radioactive materials (NORMs) found in wastewater are a significant environmental issue, yet few studies have been conducted to examine the issue of NORM in shale gas production. Most of the literature focuses exclusively on radium contamination in groundwater. A report released by the United States Environmental Protection Agency (EPA) examined the impact of hydraulic fracturing on radioactivity in groundwater by testing groundwater samples for radium-226 (Ra-226), radium-228, and gross alpha and beta radiation [4] . Another study reported that wastewater from a wastewater treatment plant from the Marcellus Shale had Ra-226 concentrations that were 200 times higher than normal levels [5] . Radon and radium emit alpha particles that pose a hazardous threat to human health when inhaled or ingested. Radium emits gamma rays leading to lymphoma, bone cancer, and leukemia. Ra-226 has a half-life of 1600 years, thus trace amounts can exist for a long period of time [4] .
There is a shortage in research examining the effects of the biomagnification of radium-226 from crops to cattle to humans near fracking sites. Research has linked hydraulic fracturing sites with high levels of radium in nearby soils [6] . If the radium from these fracking fluids is leaked into groundwater, it may accumulate in crops and other food sources, leading to severe health implications such as cancer in humans. Recent research explores the environmental impacts of oil industries on a variety of species. Thomas et al. (2005) found that animals such as moose and cattle around mining sites had high levels of radioactive elements [7] . However, our study plans to determine the radioactive impact of fracking sites on local water and agriculture. Previous research also found that Ra-226 released from mining had transferred through the marine food chain from sediments to water to fish [8] . Based on these findings, we propose to analyze the potential health implications that bioaccumulation of Ra-226 can have in humans by determining the radioactive transfer from bodies of water to soil, crops and cattle (see Figure 1 ). The objective of this proposal is to determine the difference in levels of Ra-226 within agricultural ecosystems between fracking and control sites to determine potential carcinogenic risk to humans.
RESEARCH PROTOCOL OPEN ACCESS

Methods
Study sites and sample collection
The study will determine the impacts of fracking in 2 main locations in the U.S. that have the most contaminated waters as stated by the EPA: Dunn and Bradford counties, located in Wisconsin and Pennsylvania respectively (see Figure 2) .
The study will look at 3 farms that are located near each of the 2 fracking sites and compare the results to the farms in states that do not use fracking [1] . Farms located far from fracking industries where fracking is either banned or have yet to pursue fracking are chosen to represent the control groups. The use of the 4 locations will help generalize the findings to other farms where fracking occurs in the U.S., and can increase external validity in order to pursue further research into this topic.
First, for each of the 2 fracking locations, EPA's protocol involves sampling fluid from two production wells and three monitoring wells, which are at the site of fracking sites [1] . The water from these locations will be collected 3 months after fracking.
In addition, water will be obtained from domestic water wells and three surface water locations, such as lakes and rivers near fracking sites [1] . The water from domestic wells will be sampled three months after fracking occurs from the Pennsylvania and Killdeer Aquifers, and from control sites that have not been contaminated by fracking [1] .
Next, forage grass (cattle feed) samples from 5 farms located in both control and fracking regions will be obtained to determine levels of Ra-226 biomagnified from absorption of ground water.
Feces from 5 male cattle will be collected from each of the farms near the control and fracking sites.
Radioactive analysis
The radium concentrations (Ra-226 radioactive decay) within collected wastewater samples will be analyzed by using Maxwell's (2016) rapid method, which uses gamma spectrometry. Maxwell's method demonstrates high accuracy by eliminating other elements, such as calcium, barium, strontium, magnesium and sodium to allow for easy and accurate detection of Ra-226 [9] .
Polyethylene tubing will be connected to the sampling port of domestic wells, and the other end of the tubing will be connected to a flow cell equipped with a YSI 5600 multi-parameter probe [1] . The well will be purged for 20 minutes, after which the samples will be collected and analyzed using gamma spectroscopy [9] .
The forage grass (cattle feed) samples will be filtered and homogenized for analysis with alpha spectroscopy [1] .
The feces will be analyzed with alpha spectroscopy to determine the amount of that is present in the cows that are slaughtered for human consumption [10] .
Statistical analysis
After obtaining concentrations of Ra-226 in all samples, a Lifetime Carcinogenic Risk Assessment will be used to determine the potential lifetime risk caused by overall exposure to radionuclides irrespective of the body part.
Results
Radioactive Analysis
Prior research found a significant increase in the concentration of radionuclides in meat from contaminated areas [7] . Therefore, based on prior research by the EPA, water from aquifers located near fracking sites that feed into domestic wells would present higher concentrations of radium compared to control areas [1] . Farmers rely on these aquifers for crops and cattle, and can potentially spread NORMs to agricultural products [1] . The expected findings include significantly higher radionuclides in grass from farms located near fracking sites active 3 months ago compared to control areas. It is expected that the feces of cows from farms near fracking sites have significantly greater concentrations of Radium-226.
Bioaccumulation Potential
The levels of Ra-226 should increase across each trophic level (from crops to cattle) and should indicate high potential in case of human consumption.
Statistical Analysis
If the resulting value is less than 1x10 − 6 , the cancer risk of Ra-226 found in the analyzed samples are considered can be seen as negligible [8] . If, however, the value is above 1x10 − 4 , the carcinogenic risk is considered to be large and is in need of remediation [8, 11] .
The data set is most likely expected to be non-normal, therefore statistical analysis will be performed using the Mann-Whitney U-Test to compare samples from fracking and non-fracking regions.
Health Impacts of Radium-226
The lifetime carcinogenic risk assessment can be calcu- lated for the water obtained from domestic wells and the feces from the cattle. The likelihood obtained from the feces samples represents the likelihood of developing cancer previous literature, the lifetime carcinogenic risk assessment would be high for water samples and feces samples from fracking sites.
Discussion
Our exploratory research design is proposed to determine the biomagnifying effects of Ra-226, a byproduct of hydraulic fracturing, on soil, crops and humans. To quantify the levels of Ra-226, samples were taken from each trophic level, homogenized and analyzed. In accordance with our hypothesis, if the results depict higher levels of Ra-226 in the water and cattle waste than in the controls, as well as progressively higher levels of Ra-226 contamination throughout the trophic levels, it can be concluded that hydraulic fracturing does in fact contaminate the surrounding areas. If samples collected from areas surrounding fracking sites, indicate a higher chance of carcinogenic risk, it can be deduced that fracking presents radioactive threat to human health.
The potential limitations include the impact that the distance of farms from the fracking site can have on the levels of radium in samples from agriculture and livestock, and how areas exposed to other sources of radioactive elements such as other oil drilling methods would have more radioactive exposure. Another limitation is the differences in farming practices. Depending on the fertilizers used for the crops and what supplements and injections are given to the cattle that may affect the levels of Ra-226 within their fecal matter. The specific fertilizers may provide supplements that allow the cattle to have stronger bones, thus not as much Ra-226 will be deposited within the cattle ultimately giving us a higher yield within the feces.
Ra-226 deposits in bone and replaces calcium, bone irradiation of bone cells can lead to osteosarcomas through high exposure. Since calcium intake in children is more significant than adults, radiation exposure from fracking sites is more detrimental to child development. Additional symptoms that arise due to Ra-226 exposure include anemia, cataracts, fractured teeth and death. Not only are these symptoms evident in humans, they are seen throughout non-human species that undergo irradiation [12] .
Equipped with this information, further research into this area could divert attention towards developing legislation and instigating action towards hydraulic fracturing, which has accumulative effects.
Conclusions
The results from our proposal may confirm a significant difference between the biomagnification of Ra-226 across the agricultural ecosystem near fracking areas and non-fracking sites. The level of Ra-226 in cattle near fracking areas may reveal high levels of Ra-226 and as a result, the lifetime carcinogenic risk assessment can indicate high chances of developing cancer.
Equipped with this information, further remediation research could be done in order to determine efficient and effective methods to remove Ra-226 from domestic wells and thereby preventing radionuclides from entering the food chain. The ecosystem is interconnected and a change in the food and water humans consume can have detrimental effects, in this case cancer due to the biomagnification of Ra-226.
